The 2H NMR transverse relaxation rates of a deuterated phospholipid bilayer reflect slow motions in the bilayer membrane. A study of dimyristoyl lecithin specifically deuterated at several positions of the hydrocarbon chains indicates that these motions are cooperative and are confined to the hydrocarbon chains of the lipid bilayer. However, lipid head group interactions do play an important role in modulating the properties of the cooperative fluctuations of the hydrocarbon chains (director fluctuations), as evidenced by the effects of various lipid additives on the 2H NMR transverse relaxation rates of the dimyristoyl lecithin bilayer. Because liposomal bilayers are curved structures, however, the presence of significant lateral diffusion may complicate the angular dependence of T-1. If the rate of lateral diffusion is comparable to T-j', an average over X is necessary. The limits of this averaging may be expressed as,8 ± A,/, where the magnitude of Ad will depend both on the rate of lateral diffusion ofthe lipid molecules within each monolayer as well as the radius of curvature of the liposome. In the limit that lateral diffusion is complete over the time scale of T-1, (sin2(2,3)) = 16/30, and the angular dependence of T,-1 vanishes. However, when the rate of lateral diffusion is rapid compared to T-1, the physics is modified (20), the effects of director fluctuations are masked, and no angular dependence of T2-1 on p is expected.
of these motions decreases from 1 X 109 s-1 to 1 X 104 s-1 as more lipid molecules become involved in the motion. These motions may be visualized as fluctuations ofthe hydrocarbon chains in a direction perpendicular to the bilayer normal. If the amplitudes of such fluctuations are sufficiently large, concerted chain motion results. These collective motions are often referred to as director fluctuations.
An increase in the density of slow cooperative motions has been postulated upon the addition ofproteins to a lipid bilayer (6) (7) (8) (9) . Long-range protein-protein interactions have been observed in lipid bilayers (10, 11) . It has been proposed that a protein embedded in a bilayer membrane can communicate its presence to distant proteins by lipid-protein interactions. Since this lipid-protein interaction decays only gradually with distance from the lipid-protein interface, the spectral density of the director fluctuations can be modified dramatically. The addition of protein to a bilayer membrane also increases the permeability of the lipid bilayer to water, ions, and small water-soluble organic molecules (12) . The disruption of cooperative motions in the bilayer may be responsible for this. Finally, the activity of membrane-bound transporters and enzymes is dependent on the lipid environment (13) . In biological membranes, the coupling of cooperative motions to membrane-bound transporters or enzymes may enhance or inhibit the conformational fluctuations necessary to the function of these proteins.
2H NMR relaxation measurements provide an ideal means of observing slow motions in lipid bilayers (14) (15) (16) DML deuterated at the 9 and 10 positions on both chains ([9,9',10,10'-2H4]DML) was synthesized as described previously (4 The pulse sequence and data analysis programs used to determine the T2 values of these lipid systems have been described (23 (Fig. 6a ).
These include 20 mol % [6, A comparison of the T-j1 versus SCD plots for deuterons near the lipid headgroup with those for the lipid chain shows that the slope for the deuterons in [2,2,2',2'-2H4JDML is about 5 times smaller than that for the perdeuterated chain (Fig. 5) . Since the slope is directly proportional to the correlation function for director fluctuations and reflects the density of slow cooperative motions in the bilayer, our results suggest that the C2-C3 bond of the acyl chains provide the anchor for the cooperative chain motions in the lipid bilayer.
Lipid Mixtures. In the plot of T-1 versus S2D for the lipid systems classified under group A (Fig. 6a) , most of the T-1 values fall near the line described by Eq. 2. This suggests that the contribution ofdirector fluctuations to T -I in these mixed systems is similar to the contribution in the pure DML bilayer. For Chl-a in DML [i.e., systems in group B (Fig. 6b)] , there is no correlation between the line of Eq. 2 and the T-' of the mixed systems. The T-1 values of these systems increase abruptly with increasing Chl-a concentration without exerting a noticeable effect on SCD. Addition of Chl-a must therefore increase the density of slow correlated motions in the bilayer. We now discuss these results in terms of the structures of the various lipids to identify certain features that are important in influencing the director fluctuations in a lipid bilayer.
Coexisting DML and DSL Domains. Differential scanning calorimetry and freeze-fracture electron microscopy experiments have shown DML and DSL to be only slightly miscible in the gel state and nonideally miscible in the liquid crystalline state (25) (26) (27) . In these experiments, the system was studied at 313 K, a temperature below the gel-to-liquid crystalline phase-transition temperature of DSL but above the phase transition temperature of DML. Since this lipid mixture behaves as a group A system, one may conclude that the liquid crystalline domains have very little gel character, and the coupling between the liquid crystalline-and gel-state Phytol and Chl-a in DML. The Chl-a head group is composed of a porphyrin moiety with a central magnesium atom. Attached to the ring is a 17-carbon phytol chain with methyl groups protruding from every fourth carbon atom. Phytol has a hydrocarbon chain identical to that ofChl-a; however, it has only a small -OH head group.
A comparison of the effects of phytol and Chl-a on T2 underscores the importance of the head group in bilayer motions. Bilayer motions are not perturbed by addition ofthe phytol chain. This contrasts strongly with the change in motion in the bilayer upon the addition of Chl-a. Because phytol and Chl-a differ only in the head-group region, one must conclude that head-group interactions play an important role in bilayer motion. In our earlier work (4), we proposed that the addition of Chl-a to the DML bilayer plasticizes the hydrocarbon region of the bilayer and disrupts the size of the cooperative domains.
CONCLUSIONS
The work described here reveals several characteristics of the motions that affect T-1 in DML bilayers. Both cooperative fluctuations and uncorrelated motions contribute to T-1. In cooperative motions of the hydrocarbon chains, the head group and the C2-C3 bond of the acyl chain serve as an anchor about which these fluctuations occur. In mixed lipid/ DML systems, lipids with small head groups do not perturb the cooperativity of director fluctuations in the DML bilayer; neither do lipids with very different hydrophobic moieties. Lipids with large head groups, however, interfere greatly with these cooperative motions.
